The fabrication and characterization of an optical fiber oxygen sensor based on oxygen fluorescence quenching are described. The sensors are prepared by coating the oxygen sensitive indicator (tris-BP ruthenium (II) chloride and platinum octaethylporphyrin) that is immobilized by the sol-gel route onto the uncladded middle portion of a multimode plastic optical fiber. A design of experiment based on two parameters which are the uncladded coated length and withdrawal rate was carried out in order to identify the optimum setting that gives the highest fluorescence emission which leads to better sensitivity. The sensitivity of the optical oxygen sensor is quantified in terms of the ratio I0/I where I0 and I represent the fluorescence intensities in pure nitrogen and pure oxygen environments, respectively. Both ruthenium and platinum coated fiber produced a linear Stern-Volmer relationship which indicate the homogeneous environment of the luminophore. The experimental result reveals that the optimized setting for ruthenium sol-gel coated fiber is 5 mm decladded length and 120 mm/min withdrawal rate while for platinum sol-gel coated fiber is 8 mm decladded length and 160 mm/min withdrawal rate.
INTRODUCTION
In the last few decades, there are lots of work done in developing oxygen sensor based on optical sensing technologies [1] [2] [3] [4] [5] . Optical fiber received considerable attention attributes to its being passive and lightweight apart from its ability to act as sensor as well as the medium of communication on one platform in a distributed manner.
The sensing of oxygen is based on the photoluminescence principle. Quenching of oxygen will decrease the fluorescence signal of the fluorescence dye and this degree of decreasing fluorescence correlates to the partial pressure of oxygen around the sensing material [6] [7] [8] . The greater the quencher's concentration, the lesser fluorescence intensity will be. The sol-gel process has been the most preferred method to immobilize the oxygen-sensitive dye on the plastic optical fiber (POF) surface and investigate its sensing performance.
In this work, the effect of varying the length of the coated fiber and the withdrawal rate of dip coating process towards oxygen sensing performance was studied. Findings of this study will be used as the basis to further develop the quasi-distributed fiber optic oxygen sensor.
EXPERIMENTAL

Preparation of Optical Fiber Oxygen Sensor
TetraethylorthosilicateSi (OC2H5), (TEOS) and OctyltriEOS were used as the precursor liquid to prepare the pure silica thin film on fiber. A porous silica glass film with a refractive index of less than that of the fiber core ensures that the wave guidance condition is met [9] . The silica sol was prepared by dissolving TEOS (99.999% Aldrich) in ethanol (EtOH) as TEOS is initially immiscible and require alcohol to form a homogeneous mixture. Then Octyl-triEOS, HCl (0.1 M) and triton X-100 were added to the mixture to stimulate hydrolysis and prevent cracks in the sol-gel film. The composition of the prepared sol solution is as described in Table 1 . The mixture was magnetically stirred for 1 hour at ambient temperature to obtain a stable silica sol. Tris (4, 7-diphenyl-1, 10-phenanthroline) ruthenium (II) dichloride (Ru(dpp)3Cl2)) and platinum octaethylporphyrin (PtOEP) were used as the oxygen sensing dye in this study. The dye solution for Ru(dpp) was prepared by dissolving it in EtOH, whilst PtOEP was dissolved in tetrahydrofuron (THF). Each dye solution was then stirred under ambient temperature for 1 hour as described in Table 2 . Subsequently, the luminophore-doped sol solution was prepared by mixing the Ru/EtOH solution or PtOEP/THF solution solution into the sol solution and followed by 2 hours of magnetic stirring at room temperature to ensure the formation of homogeneous sol-gel polymer. A multimode plastic optical fiber (Mitsubishi Rayon Co. LTD.) with a core diameter of 1000 µm was used in the experiment. Using a hot knife, the central portion POF cladding was removed to expose the core region for sol-gel coating. The sensing part is placed at the middle portion since it will be applied for quasidistributed later. The length is varied from 2 mm to 50 mm as shown in Figure 1 . They were then wiped with EtOH and rinsed with DIW to ensure the cladding was completely removed prior to the dip coating process. Finally, the sol-gel was coated on the uncladded POF fiber using a computer-controlled dip-coating apparatus at a speed of 80, 120 and 160 mm/min. These fibers were then kept for 7 days in dark environment at atmospheric pressure and room temperature for stabilization of dyes in the host matrix. Figure 2 shows a schematic illustration of the experimental arrangement used to characterize the performance of the optical fiber oxygen sensor. In the sensing experiment, the fluorescence excitations are provided by LED (LED3C_SMA, Doric) with a central wavelength of 385 nm and 465 nm driven by a programmable LED driver (LEDRVP_4ch_1000). The wavelength was as such because they are the excitation wavelength for each of the indicator. In fluorescence analysis, a correct generation of the excitation waveform is very important because this waveform will be used in the final processing. The optical oxygen gas sensing system consists of a coated plastic optical fiber (Mitsubishi Rayon Co. LTD., core diameter 1000 µm) connected to the bandpass filter (fluorescence mini cube, FMC, Doric). A bifurcated optical fiber is used to connect the commercial oxygen probe as a reference gauge to measure the oxygen concentration in the chamber. The emission is measured using Avaspec multichannel fiber optic spectrometer (Avantes). A USB cable then connects the spectrometer to a computer to display the spectral of the modulated light in the probe performance in various oxygen concentration which is obtained by mixing oxygen and nitrogen, of which the process is controlled by gas flowmeters.
Instrumentation
RESULTS AND DISCUSSION
Optical Properties of Ruthenium and PtOEP-Doped Oxygen Sensor
Figure 3 (a) and (b) shows the absorption spectrum of ruthenium and platinum sol-gel which peaks at 463 nm and 380 nm respectively. This confirms that LED with central wavelength of 465 nm and 385 nm, available in the lab can be used as the excitation source for the oxygen sensing probe. Photoluminescence measurement was then carried out based on the obtained excitation length to identify the emission wavelength for each dye. Figure  4 (a) and (b) show the emission wavelength for ruthenium and platinum is at 604 nm and 644 nm respectively. Figure 5 presents the emission intensity of ruthenium coated POF for various declad length. The intensity is higher for declad length less than 10 mm. Hence, further studies focusses on declad length of 5 mm and below. The intensity check for each declad length and withdrawal rate combination for both Ru(dpp)3Cl2 and PtOEP were carried out in air at room temperature. Figure 6(a) and (b) show that the highest intensity for Ru(dpp)3Cl2 is observed for combination of 2 mm declad length at 160 mm/min withdrawal rate while for PtOEP is from the combination of 5 mm declad length at 80 mm/min withdrawal rate.
Sensing Analysis
At this point, a conclusion cannot be made based on the intensity alone as it is important to check for the sensitivity of the sensor. Hence, the sensing probe was tested in various oxygen concentration and the Stern-Volmer analysis was carried out to further confirm the results. The relation is described as follows:
(1) where I0 and I are the fluorescence intensity in the absence and presensce of O2 respectively, Ksv is the Stern-Volmer quenching constant, and [O2] is the oxygen concentration. Plots of I0/ I against the O2 concentration for Ru(dpp)3Cl2 and PtOEP are shown in Figure 7 (a) and (b) respectively. Stern-Volmer plots for Ru(dpp)3Cl2 as shown in Figure 6 (a) indicates highest sensitivity from a combination of 5 mm coated length and 120 mm/min withdrawal rate with R 2 value of 0.9999. However, the combination that gives the highest sensitivity for PtOEP is from 8 mm coated length and 160 mm/min withdrawal rate with R 2 value of 0.9919 as shown in Figure 6 (b). These findings indicates that intensity results alone is insufficient to draw a conclusion. Figure 8 (a) and (b) show the fluorescence emission spectra of the oxygen sensitive coating towards various oxygen concentrations. As shown in the graphs, the fluorescence intensity decreases as more oxygen flows into the container until it is at its lowest intensity when the container is being occupied with 100% oxygen concentrations. This result is in agreement with the work done by C.S. Chu et al. [3] [4] which explains the O2 quenching. The fluorescence intensity is efficiently quenched by molecular O2. 
CONCLUSION
In this work we successfully presented a simple, low cost technique to fabricate a plastic optical fiber sensor for oxygen sensing via sol-gel process. The work compares the performance of the optical fiber sensor based on two parameters which are the core coated length and dip coating withdrawal rate for oxygen sensitive dyes; Ru(dpp)3Cl2 and PtOEP. The coated length is varied from 2 mm to 50 mm while withdrawal rate is varied from 80 to 160 mm/min. It is concluded that the optimized combination for Ru(dpp)3Cl2 is 5 mm coated length and 120 mm/min withdrawal rate, while for PtOEP the optimized combination is from 8 mm coated length and 160 mm/min withdrawal rate. These results will be the basis for the development of quasi-distributed optical oxygen sensor.
